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Experimental Details 
Glass Synthesis: The amorphous As2Se3 rod used in fiber drawing was prepared from high purity 
As and Se elements (Sigma Aldrich) using sealed-ampule melt-quenching technique. The materials As 
(wt% 40) and Se (wt% 60) were placed into a quartz tube under nitrogen atmosphere. In order to 
remove surface oxides and impurities, the tube was heated above 300 ºC under vacuum condition. 
After the tube was cooled down to room temperature, it was sealed under ~10-3 Torr vacuum. The 
sealed tube was placed in a rocking oven and heated up to 800 ºC at a rate of 2 ºC.min-1. After the 
oven was held at this temperature at vertical position for 24 hours, it was rocked at least for 6 hours to 
increase homogeneity. Subsequently, oven was cooled down to 600 ºC and the tube was quenched in 
water to form As2Se3 intermetallic glass rod with 10 cm length and 6 mm diameter. 
Fiber Tapering: Single mode silica fibers were tapered by pulling them apart with two controller 
driven linear translation stages moving towards opposite directions, while being heated by a 
propane/butane mix torch. The pulling length and optical transmission through fiber were 
continuously monitored and recorded by a custom built software. Silica tapered fibers with sub-micron 
waist diameters were obtained within seconds after the oscillatory optical transmission signal 
transforms into a stable signal, indicating the tapered diameter was reduced to enable only a single 
optical mode to be guided. 
Fluid dynamic simulation: A two dimensional axisymmetric numerical finite element method 
simulation was performed using the software COMSOL for the modeling of heat-mediated 
microstructure formation.  A level-set function (x,y,t) was coupled with Navier-Stokes (NS) 
equations for a Newtonian fluid  ቀୢ୳ୢ୲ ൅ uuቁ-ൣ൫u ൅ u୘	൯൧ ൅ p = n , where u is the 
velocity of an arbitrary point of the fluid,  is the viscosity, p is the pressure,  is the density and  is 
the interfacial energy.[S1, S2]  The level-set function  was defined as a signed distance function, where 
the interface between the two fluids was determined by the level-set function at  = 0.5. The normal 
and curvature were determined from the level set function as ො݊ ൌ 	 ׏∅|׏∅| and	 ෠݇ ൌ 	െ׏	.
׏∅
|׏∅|, respectively. 
The coupled Navier-Stokes equation and the level-set function were simultaneously solved by using 
the Fluid Dynamics Module in COMSOL. To decouple the thermal diffusion from the NS equations 
during the simulation, we performed 3D thermal diffusion simulation of our structure from room 
temperature to 300 oC and found that a homogeneous temperature distribution was reached in less than 
one second (0.3 s), which is negligibly smaller than the characteristic time of the fluid flow (hundreds 
of seconds). 
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Fabrication of As2Se3 Core PES Cladding Fibers 
 
 
Figure S1. Fiber drawing process has two stages: fabrication of the initial preform structure and production of 
fibers by thermal drawing of the preform under high stress and temperature. (a) A preform structure with 6 mm 
core and 30 mm outer diameter, which is a macroscopic copy of the fiber, was prepared by rolling 100 µm thick 
PES polymer films around an As2Se3 rod. Before consolidation process, the preform was held under 2×10-2 Torr 
vacuum at 180 ºC for 4 hours in order to evacuate trapped air between polymer layers. Then, rolled films were 
consolidated in a vacuum oven at 252 ºC for 30 minutes under 2×10-2 Torr vacuum. (b) Fiber drawing process 
was executed in a custom made fiber tower which consists of a preform feeding mechanism, preform position 
alignment stage, furnace, optical thickness measurement system, tension measurement and a capstan. 
Approximately 3 MPa force was applied to the preform during heating of the preform up to 300 ºC above glass 
transition temperature of As2Se3 and PES. (c) Picture of the produced As2Se3 core PES cladding fibers. Volume 
reduction of the preform, which determines the final diameter of fiber, was controlled by the applied force and 
the furnace temperature. 
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Formation of spherical microresonators in centimeter long polymer fibers 
 
 
Figure S2.  In order to produce a long chain of uniform As2Se3 microspheres embedded in a PES fiber, a novel 
method was developed, which takes the advantage of convective (non-contact) heating of fiber under a 
conformal cover assisting integrity and straightness of the fiber during the process. (a) A 12 centimeter long fiber 
was accommodated on a 10 mm diameter glass tube and (b) covered by a supporting vacuum tape (Kapton tape) 
which can stand high temperatures (over 320 ºC). In order to eliminate contact heating of fiber, the glass tube 
was isolated by two circular Teflon spacers from the walls of a custom-made tubular oven. (c) The tubular oven 
supplies necessary uniform heating with circular temperature distribution inducing PR instability in the fiber 
core. Releasing built-in stress, length of the fiber was finally reduced approximately to the half of initial length. 
After 15 minutes at 300 ºC, chalcogenide core polymer cladding fiber turned into a long self-assembled chain of 
microspheres held immobile in the cladding. After removing the cover tape and cutting uneven ends of the fiber, 
5 centimeters long product, which is the longest fiber with embedded microspheres reported, was obtained at the 
end.  
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Temperature dependent viscosities of PES and As2Se3 
 
 
Figure S3. In our simulation, we used temperature dependent viscosities for both of the polymer cladding and 
the glass core. The As2Se3 and PES viscosities were determined by the universal logarithmic models.[S3, S4] For 
the PES, we could not find enough model parameters in the literature to estimate the viscosity, while other 
groups assumed constant viscosity for PES; therefore, we performed rheometry measurements to make sure that 
the viscosity used in the model was realistic and also consistent with the viscosity specified by the polymer 
manufacturer (PES, Specs). The PES model consists of two parts which are Model 1 (Arrhenius) for high 
temperatures and Model 2 with slightly varying activation energy for low temperatures.[S4] Even the first order 
approximation of all Arrhenius relation gives more accurate modeling of PES viscosity than assuming a constant 
viscosity. This is because the viscosity contrast determines not only the instability wavelength, but also the 
characteristic time. 
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Fractal process of microsphere formation by Plateau-Rayleigh instability 
 
 
Figure S4. (a) Optical microscope pictures show fractal nature of PR instability occurring in a fiber core. 
Successive optical micrographs of the fiber, showing inner structure with increasing detail were taken by using 
5X, 10X and 20X objectives, respectively. Although the process is self-quenching after a number of generations 
finally reaching submicron scales, satellite and sub-satellite sphere formation between main spheres (the first 
generation) can be seen down to 5th generation. Numerical simulations also reveal same fractal pattern of in-fiber 
sphere formation. Numbers 1-5 in the figures indicate number of sphere generations. (b) Rule of thumb is as 
simple as graphically represented by the figure; i.e., for every next generation, two smaller satellite spheres are 
supposed to reside at the sides of larger spheres of previous generation.  
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Theoretical comparisons of instability wavelength with experimental data  
 
 
Figure S5.  Comparison of the temperature dependent normalized (with respect to the initial core diameter d) 
average instability wavelength  of experimentally produced micro-spheres and theoretically calculated data 
based on Tomotika model[S5] and our 2D finite element numerical simulation. At low temperatures, the 
simulation coincides very well with the experiment, while Tomotika model over-estimate the instability 
wavelength. When the temperature is increased, both the simulation and the analytical models under-estimate the 
experimentally measured instability wavelengths. The best agreement between the three data sets is at moderate 
temperatures (T = 280-300 oC). Therefore, we chose this range for comparing the results of experiments and 
simulation of sphere formation in Figure 1, Movie S1 and Movie S2.  
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Characteristic time of fiber core break-up 
 
 
Figure S6. The variation of the characteristic time () as a function of temperature T. The characteristic time is 
defined as the time at which the break-up starts. The logarithmic decrease of  with temperature follows two 
different activation regions intersecting at a point, which coincides with the viscosity contrast turning point 
(around 310 oC as in Figure S3) 
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Microresonator array deformation setup 
 
 
 
Figure S7. Experimental setup used for deformation and integration of microresonator arrays is actually a 
contact angle measuring system (DataPhysics OCA30) possessing a high temperature furnace (up to 400ºC) with 
temperature control. The system consists of a CCD camera, a long working distance microscope and a light 
source for process monitoring, an electrical furnace with two hotplates on top and bottom sides, and a z axis 
motorized stage under the furnace and a cylindrical bar attached to a z & y axis linear stage for alignment and 
deformation operations. Inset shows a fiber with embedded microspheres ready to be compressed. 
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Characterization of microresonator material composition 
 
 
Figure S8. Energy dispersive X-ray spectroscopy (EDX) results obtained from on-chip microsphere resonators 
which were extracted out of their PES polymer encapsulation using DCM. EDX is attached to FEI Quanta 200 
FEG SEM system. Peaks represent consistence of the atomic ratio of As2Se3. Besides, there was no impurity or 
residual polymer observed on the surface of microspheres after the dissolution process. 
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Experimental setup for optical characterization of the microresonators 
 
 
Figure S9. Experimental setup used for the optical characterizations of the on-chip microresonator arrays 
consists of an external cavity tunable laser (Santec TLS-510, 500 kHz linewidth, 1500-1630 nm range), a 
polarization controller, an optical power meter (Newport 1935C with 918D-IR-0D3R detector), an oscilloscope 
(Tektronix 1012B) , a color CCD camera (Hitachi) with long working distance objective system (Optem Zoom 
70XL), and 3-axis closed loop piezo translation stage with controller (BPC303 Controller, NanoMax-TS piezo 
stage with 5 nm position resolution) which is not shown in the figure.  In order to begin optical characterizations, 
one of the resonators in the microresonator array was positioned by the piezo stage close to a tapered fiber 
assuring alignment with the equator of resonator, and polarization was adjusted for optimum light coupling. 
Laser wavelength can be scanned continuously for a desired wavelength range up to 100 nm with scan rates from 
1 nm.s-1 to 100nm.s-1. For single mode measurements, we set scan range as 50 pm and scan rate as 1 nm.s-1 in 
order to increase wavelength resolution (sub-picometer). Data acquisition from the oscilloscope was handled by 
a custom developed software. First channel (X axis) of the oscilloscope was connected to analog output port of 
external cavity laser producing a chain of triangular voltage pulses  corresponding to the wavelength scan range 
and second channel (Y axis) was connected to output port of optical power meter to measure the transmission. 
Using acquisition of dual channel data in X-Y format provides optical transmission spectrum of microcavity 
under test. The custom software handles data acquisition and calibration process as well as adjusting 
configuration settings and management of communications with devices using data buses shown in the Figure.
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Thermo-optic effect in chalcogenide microresonators 
 
 
Figure S10.  The resonance dips in the spectra of As2Se3 microresonators were observed to red-shift with 
increasing incident powers for both directions of wavelength scans. Although an unshifted resonance dip (red), 
which was captured using very low optical powers with 300 pm scan range and 1 nm.s-1 scan speed, has a 
regular Lorentzian shape, red-shifted versions of the resonance mode (blue, black)  have characteristic “shark fin” 
shapes.[20] Since As2Se3 has relatively high absorption coefficients (see Figure S12) as compared to silica in this 
scan range, red-shifts of modes are expected, due to the heating of the resonator via absorption of the coupled 
light resulting in a thermal change of the refractive index and thermal expansion of resonator diameter. 
Reduction in the coupling strength is another manifestation of thermo-optic effect, caused by insufficient scan 
speed at some power levels for which wavelength shift can be more than linewidth of the resonance mode at 
some point during wavelength scanning.[S6] 
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Optical coupling into As2Se3 microsphere modes with a silica tapered fiber 
Optical coupling depends on the phase-matching between the tapered fiber waveguide and the sphere 
microresonator. This implies the similarity between the propagation constants or effective refractive indices neff 
which is related to the propagation constant β by; 
ߚ ൌ 	ఠ௖ ݊௘௙௙                                                                          (1) 
where ω is angular frequency of light and c is the speed of light in the vacuum. Therefore, the propagation 
constant difference can be calculated as 
 ∆ߚ ൌ 	ఠ௖ ൫݊௘௙௙,௙ െ ݊௘௙௙,௦൯                                                           (2) 
where ݊௘௙௙,௙ and ݊௘௙௙,௦ are effective indices for the fiber and the sphere microresonator, respectively. Strength 
of Optical coupling between a fiber and a sphere microresonator is maximum when ∆ߚ = 0. Another key factor 
for optical coupling is the field overlapping of the waveguide and resonator modes. 
Propagation constant of a silica fiber for fundamental mode HE11 can be calculated using	ߚଶ ൌ ݇ଶ݊௙ଶ െ
2.405ଶ ݎ௙ଶൗ , where k is the wave vector in air, nf and rf are the refractive index of the bulk silica (nf = 1.44) and 
the radius of the taper waist, respectively.[S7] After propagation constants were calculated for different tapered 
fiber radii, they were converted into effective refractive index neff,f using Equation 1. Effective refractive index 
neff,s of the microsphere resonator can be calculated for each WGM mode (q, l, m) by using ݊௘௙௙,௦ ≅ 	 ௟௫೗೜  , where 
q is radial mode number, l is  angular mode number, and ݔ௟௤ is size parameter of the sphere microresonator. Size 
parameter ݔ௟௤ ൌ ݇௟ݎ௦  can be determined by:[S8] 
 
݊௦ݔ௟௤ ൌ ߭ ൅ ܣ௤ሺజଶሻଵ ଷ⁄ െ
௡ఘ
ඥ௡మିଵ ൅
ଷ஺೜మ
ଶమ య⁄ ଵ଴జభ య⁄ െ
௡యఘሺଶఘమ ଷ⁄ ିଵሻ஺೜
ଶభ య⁄ ሺ௡మିଵሻయ మ⁄ జమ య⁄                          (3) 
 
where  ߥ ൌ ݈ ൅ 1 2ൗ ,  ܣ௤ is the ݍth order root of Airy function, ݊ is the ratio of refractive index of the resonator 
material ݊௦ and environment ݊௢ (air in our case),  and ߩ is a polarization dependent constant which is equal to 1 
for TE modes and 1/ܰଶ for TM modes.  
In order to calculate effective refractive indices of tapered silica fiber and chalcogenide microresonators, a 
MATLAB code was developed. For sphere microresonator, angular mode numbers ݈ corresponding to resonance 
wavelengths in experimental scan range, were first computed for different radial mode orders q and resonator 
radii rs by using Equation 3. Following the determination of l values, neff,s were calculated as a function of radial 
mode orders q and resonator radius rs.   
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Figure S11. The effective refractive indices neff,s of chalcogenide microspheres with various sizes for radial 
modes of different orders (ݍ = 1, 2, 3 … 10), and effective refractive indices neff,f of tapered silica fiber versus its 
waist radius rf (for fundamental HE11 mode). Radii of the microresonator used in optical charterizations are about 
R ~25 µm. 
 
Phase matching is important for optimal light coupling. Smaller the difference between the propagation 
constants or effective refractive indices, higher the phase matching; therefore, better optical coupling can be 
obtained. As seen in the Figure S11, the effective refractive index of resonator for fundamental modes (q = 1) 
approaches to the effective refractive index of the silica fiber with an increasing trend for smaller radii (or size 
parameters). Also for higher radial mode orders (q>1), the difference between the effective refractive indices of 
resonator and fiber exponentially decreases for very small resonator radii rs < 25 µm. This explains why higher 
mode orders couples into the resonators much more favorably then the lower mode orders. In addition, achieving 
a smaller taper radius than the exact phase-matching taper radius can enhance the optical coupling. Because, 
decreased radius increases the evanescent field of the fiber which overcomes the negative effect of phase-
mismatch and enhances the coupling up to a certain limit where phase-mismatch recovers its dominance over the 
optical coupling.[32] 
  
    
 
Aktas, Bayindir et al. | A new route of fabricating on-chip microcavity resonator array        16 / 20 
Optical properties of chalcogenide As2Se3  
 
 
Figure S12. Optical properties of a commercial As2Se3 glass[S9] are given in terms of a) refractive index n and 
absorption α as function wavelength λ. Absorption is α= 1.6 m-1 at 1550 nm. b) Absorption limited quality factor 
Qabs can be calculated from (n, α) data, as ܳୟୠୱ ൌ 2ߨ݊/ߣߙ.[33] Qabs for As2Se3 is found to be 7.2×106 for λ = 
1550 nm and n = 2.83, which is an upper bound for intrinsic Q-factors in the case of ultra-smooth and clean 
resonator surface. Although As2Se3 has relatively high absorption compared to silica restricting its use as 
nonlinear optical material, it is a very promising material for microresonators in mid-IR applications, due to low 
absorption and high Kerr nonlinearity.  
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Movie of simulation of in-fiber micro-sphere formation by PR instability 
Transforming wire into spheres - Simulation.wmv (1.9 MB) 
 
Movie S1. COMSOL simulation of the PR fluid instability in an As2Se3/PES core/shell fiber at 300 oC. The 
isosurface shows the outer surface of the chalcogenide core during the sphere formation. The satellite spheres in 
addition to main spheres can be seen in the video. The dimensions in the simulation are chosen to emulate the 
reality. The core has a diameter of 80 µm inside a PES cladding with outer diameter of 400 µm. 
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Movie of in-fiber micro-sphere formation by PR instability 
Transforming wire into spheres - Experimental.wmv (3.9 MB) 
 
 
Movie S2.  Real footage of As2Se3 fiber core break-up at 300 oC, due to Plateau-Rayleigh instability resulting 
into a necklace of self-assembled micro-spheres embedded in the fiber. Satellite and sub satellite sphere 
formation can also be seen between main spheres. Prolate ellipsoidal appearance of spheres is a result of the fiber 
surface acting as a cylindrical lens.  
  
PES cladding 
As2Se3 core 
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Movie of optical coupling into ellipsoidal microcavity with a silica tapered fiber 
Optical coupling into ellipsoidal microcavity.wmv (3.3 MB) 
 
Movie S3.  This movie, recorded by a thermal camera, shows optical coupling to an ellipsoidal microcavity 
using a silica tapered fiber approaching from the bottom. Bright spot on the left in the middle is an ambient 
scattered light reflected from the surface, which is irrelevant to optical coupling with the tapered fiber. 
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